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Abstract The intrinsically high signal-to-noise ratio of atomic
force microscopy (AFM) permits structural determination of
individual macromolecules to, at times, subnanometer resolution
directly from unprocessed images, avoiding the conditions and
possible consequences of averaging over an ensemble of
molecules. In this article, we will review some of the most recent
achievements in imaging single macromolecules with AFM.
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1. Introduction
Much of our knowledge about the structures of biological
macromolecules has been generated by X-ray di¡raction and
electron microscopy (EM). These methods, however, have an
intrinsically low signal-to-noise ratio, and thus require the
signal obtained from an ensemble of molecules to be aver-
aged. For the most part, this entails analysis of only those
macromolecules which can be crystallized, although single
particle averaging in EM is beginning to show promising re-
sults [1,2]. Still, by averaging over the ensemble, one might
not be able to detect characteristics of an individual macro-
molecule, such as isoenergetic conformational substates [3], or
one might inadvertently impose structural features such as size
or symmetry onto the molecule that are not immediately ap-
parent in the raw data [4]. For this reason, there has been a
great deal of e¡ort in the development of techniques that can
directly resolve the structures of individual biological macro-
molecules. Foremost among these has been atomic force mi-
croscopy (AFM) [5].
Early on, the intense interest in AFM in biology emerged
from a recognition that this method could resolve the surface
features of heterogeneous samples under a variety of condi-
tions, including in bu¡er solutions, giving rise to the possibil-
ity to directly image biological complexes in action [6].
Although there are a few examples where dynamic complexes
were observed with AFM [6^11], many samples, whether cat-
alytically active or not, were found either to be too weakly
adsorbed to a substrate, too soft, or to £uctuate too greatly
for high resolution imaging, raising concerns about AFM as a
practical structural tool. Recent improvements in imaging
techniques and sample preparation procedures, however,
have produced results which demonstrate that AFM is indeed
capable of detecting, to submolecular resolution, the surface
features of a remarkable variety of individual macromole-
cules. Close-packed samples that tightly adsorb to mica
have been imaged up to subnanometer resolution in solution
[10^21]. Where a sample has been found to be too delicate for
the applied force of the scanning tip, the application of cross-
linking agents has been shown to increase its mechanical
strength, enabling the resolution of, in one case [19], second-
ary structures. If either adhesion to a substrate or sensitivity
to the probe force is still too signi¢cant a problem, imaging at
cryogenic temperatures has proven to be, to a remarkable
degree, generally applicable [22^24].
In this article, we will brie£y review some of the most recent
achievements obtained by imaging single macromolecules at a
high resolution with AFM and cryo-AFM, with particular
emphasis on those instances where submolecular details could
be directly resolved from the unprocessed image. Readers in-
terested in a detailed description of the technique may consult
appropriate reviews elsewhere [9,25,26].
2. Soluble proteins
By far the most popular substrate for biological AFM stud-
ies is the atomically smooth surface of muscovite mica.
Although the mechanism by which macromolecules adsorb
to this substrate still remains poorly understood [27], a large
number of samples, from proteins to phospholipid bilayers,
adhere tightly to this surface, albeit usually under a limited
range of ionic strength [7], if not composition [28]. One of the
most readily identi¢able macromolecules with AFM is the
pentameric B-subunit from cholera toxin [18]. This 60-kDa
oligomer binds to its ganglioside receptor, GM1, on the surface
of intestinal epithelial cell membranes, and once endocytosed,
enables the catalytic A-subunit of this toxin (by a mechanism
still not fully known [29]) to enter the cytoplasm where it
ADP-ribosylates the G-protein Gs [30]. The upper panel of
Fig. 1a is an image, obtained (as all examples presented in this
review) using the contact mode [9,25,26], of a population of
B-oligomers, each about 6 nm in outer diameter with a 1-nm
pore, adsorbed to mica in solution. The resolution of this non-
crystalline yet close-packed sample at this large scan size is
nonetheless su⁄cient to discern not only several clear exam-
ples of a pentameric stoichiometry, but also oligomers with
less than ¢ve subunits. A smaller scan size image (see the
lower panel of Fig. 1a) shows more clearly a range of di¡erent
stoichiometries (predominantly pentamers), in addition to one
oligomer (see arrow) which appears to be splayed open, per-
haps indicating a strain in this oligomer prior to the break in
the intersubunit contact.
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A second example of a soluble protein that interacts with
su⁄cient strength to mica (in this case in the presence of
Mg2) is the co-chaperonin, GroES [19]. This oligomer com-
plexes with the tetradecamer GroEL (also imaged to high
resolution with AFM [20]) to facilitate protein folding in an
ATP-dependent manner [31]. An early EM model of GroES
[32] depicted a featureless ring, 7^8 nm in diameter, whereas a
more recent EM study [33] produced a structure with seven
radial subunits, surrounding a 2.6-nm pore. The close-packed
oligomers in this unprocessed AFM image (Fig. 1b) clearly
reveal a crown-like heptamer, a structure which was subse-
quently found to be consistent with, in topography and di-
mension, the structure determined by X-ray di¡raction
[34,35]. To obtain this structure, ¢xation with glutaraldehyde
was found to ease the resolution of the uppermost region as
seven radial spokes. Comparison of this structure with that of
the X-ray model revealed that each of the radial spokes is an
8-Aî wide L-turn, indicating that secondary structural elements
can be directly detected with AFM. Other examples of sec-
ondary structures resolved with AFM include L-sheets in the
protein coat of the gas vesicle of Anabaena £os-aquae [17] and
a £exible cytoplasmic loop of the membrane protein, bacter-
iorhodopsin [11].
A common characteristic of these high resolution images is
the close-packed nature of the sample, which may decrease the
tip-pressure applied to any one macromolecule [26]. As such,
two-dimensional crystals are among the most suitable speci-
mens for AFM imaging, as demonstrated by Engel and co-
workers [9^14]. One recent example [13] that produced aston-
ishing images is the two-dimensional crystal of the oligomeric
bacteriophage P29 connector. Based on high resolution sur-
face features of both ends of this connector, Muºller et al. were
able to re¢ne a previous model determined from EM [13].
3. Membrane proteins
A natural choice of sample for AFM investigations is that
group of macromolecules which are essentially con¢ned, in
their native environment, to two dimensions: the membrane
proteins. Successful e¡orts include gap junctions [16], bacteri-
orhodopsin [11,12], the HPI-layer [10], aquaporin [14], OmpF
[15], and the B-subunit of cholera toxin [18]. (A more thor-
ough review may be found elsewhere in this issue.)
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Fig. 1. Contact-mode AFM images of soluble and membrane pro-
teins, obtained in solution at room temperature. a: The B-oligomer
of cholera toxin on mica. The upper panel shows that the features
routinely revealed in AFM images of this oligomer (namely, the
pentameric stoichiometry and the 1-nm pore) can be clearly dis-
cerned even at this larger scan size. Also apparent in this image are
several oligomers with less than ¢ve subunits. The lower panel is a
higher resolution image, showing in greater detail several pentamers,
as well as some smaller oligomers, including one (see arrow) that
appears to be splayed open, perhaps indicating a strain in the mole-
cule prior to the break in the intersubunit contact. b: The co-chap-
eronin GroES, adsorbed to mica in the presence of Mg2. The
crown-like nature of this heptamer is clearly revealed in this un-
processed image. This structure was subsequently found to be con-
sistent with the structure determined from X-ray di¡raction. Com-
parison with the X-ray structure indicated that each radial spoke
atop the crown is an 8-Aî wide L-turn. c: Staphylococcal KHL
oligomers in a supported bilayer. In contrast to the heptameric
stoichiometry recently elucidated by X-ray di¡raction of the oligom-
er formed in deoxycholate micelles, unprocessed images of KHL
oligomers in a phospholipid bilayer clearly revealed only hexamers,
demonstrating a previously unknown polymorphism in subunit
stoichiometry of KHL. The observation of stable oligomers with less
than six subunits suggests that there may be arc-shaped oligomers
of KHL, as there are with other toxins, that can nonetheless form a
pore.
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One of the more intriguing membrane proteins studied re-
cently is the toxin staphylococcal K-hemolysin (KHL), which
is secreted as a 33-kDa water-soluble monomer that converts
into a pore-forming oligomer upon contact with the plasma
membrane. This oligomer was long believed to be a hexamer
based on a range of biophysical and biochemical experiments
[36]. However, recent X-ray crystallography of the oligomer
formed in deoxycholate micelles clearly revealed a heptameric
stoichiometry, leading to the suggestion that the previous
techniques were of insu⁄cient resolution to assess subunit
stoichiometry [37]. Injection of the water soluble monomers
into the solution covering a supported bilayer produced large
regions of close-packed oligomers, suitable for AFM imaging
[21]. The unprocessed image in Fig. 1c clearly indicates that
each individual KHL oligomer in this membrane is a hexamer.
Analysis of the lattice parameters (as well as gel electropho-
resis) supported this observation of an oligomer smaller than
the heptamer detected in X-ray di¡raction. Hence, there ap-
pears to be a previously unknown polymorphism in the sub-
unit stoichiometry of the KHL oligomer. In addition, it is
clear from this image (Fig. 1c) that there are oligomers with
less than six subunits associated with the bilayer, which sug-
gests that there may be arc-shaped oligomers of KHL, as there
are with other toxins [38], which can nonetheless form a pore.
4. Cryo-AFM
Although technical developments for improved imaging in
solution by AFM are likely not yet exhausted, there will prob-
ably always be macromolecules or large complexes, which are
too soft or £uctuate too greatly to be imaged in solution. It
was thus desired that a system be developed which enables
imaging of biological samples at cryogenic temperatures,
where the mechanical strength of individual molecules could
be greater and the thermal £uctuations reduced [22,23]. From
among several proposed systems, simply suspending an AFM
above a pool of liquid nitrogen within a dewar proved to be
the most successful, producing even atomic resolution of
NaCl crystals [22]. With this system, direct imaging of isolated
macromolecules under a range of applied forces demonstrated
that the mechanical stability of individual molecules was in-
deed enhanced, perhaps by up to 103^104 times [22]. Several
complexes, such as immunoglobulins, which are notoriously
di⁄cult to be imaged by AFM in solution, have been easily
visualized in the cryo-AFM. One such example is the oligo-
meric immunoglobulin, IgM, composed of ¢ve IgE-like sub-
units and a small 17-kDa J-chain. Early models from EM [39]
depict an essentially planar complex, with the Fc domains of
the IgE-like subunits connected at a central location, thought
to be the site of J-chain binding as well. Although cryo-AFM
images from aged samples of IgM showed some £at pentam-
ers, images from freshly prepared samples (Fig. 2a) revealed a
more compact oligomer with a pronounced central protru-
sion, which is too large to be only the J-chain. It is possible
that the Fc domains in this complex protrude from the plane
de¢ned by the Fab domains, and that after some degradation,
the center collapses.
Another example of a macromolecule that has been di⁄cult
to image in solution by AFM is the molecular motor, myosin
[40]. Cryo-AFM images (Fig. 2b) of smooth-muscle myosin
are of su⁄cient resolution not only to clearly resolve the two
heads and the coiled-coil tail, but also to reveal the two do-
mains (motor and regulatory) within a myosin single head
[24]. An interesting set of images [24] was produced from
myosin molecules prepared from a lower ionic strength: the
coiled-coil tails were observed to unwind, indicating a strong
destabilizing electrostatic component in the interaction be-
tween the two K-helices.
Submolecular details of other heterogeneous samples ob-
served with cryo-AFM include surface corrugations on red
blood cell membranes [22,23], monomers of actin within in-
dividual actin ¢laments and bundles (unpublished observa-
tions), and sub-nucleosomal components from puri¢ed chro-
matin (unpublished observations).
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Fig. 2. Cryo-AFM images of macromolecular proteins adsorbed on mica. a: The oligomeric immunoglobulin complex, IgM. In contrast to a
previous model that depicted this complex as a £at pentamer, cryo-AFM images revealed a prominent, central protrusion. b: Non-phosphoryl-
ated smooth muscle myosin. The characteristic bi-lobed head region and kinked coiled-coil tail are clearly discerned in this image. The resolu-
tion in these cryo-AFM images is su⁄ciently high to enable the detection of the two separate regions, the motor and regulatory domains, with-
in each myosin head (see isolated images, at a higher resolution, on the right).
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5. Future perspective
The resolution that AFM might ultimately achieve will
probably never rival the atomic resolution possible with X-
ray di¡raction and EM. Even with further technical improve-
ments, AFM will still be limited to the generation of only the
tip-accessible surface of the macromolecular complex. The
unique strength of AFM in structural biology will, however,
always be its ability to directly reveal submolecular surface
features, whether in solution or at cryogenic temperatures,
of macromolecular complexes or of heterogeneous popula-
tions of such complexes that cannot be readily crystallized.
As presented above, with some samples AFM can be used
to generate unambiguous data about the stoichiometry (or
range of stoichiometries) and the disposition of subunits with-
in an individual molecular complex. It might be thus possible
to determine the structures of heterogeneous, multi-molecular
complexes by ¢rst determining the structure of the individual
components by X-ray crystallography, and then ¢tting these
into the high resolution topographical envelopes of the as-
sembled complexes generated by AFM, in a similar manner
as in EM. From this, it may be possible to then use AFM to
directly visualize submolecular rearrangements of the ensem-
ble of complexes under di¡erent biochemically or biologically
characterized conditions. If the sample proves too soft or
£exible, intermediates may still be observed by trapping the
complex with particular ligands, chemical ¢xation, or rapid
freezing. In this way, AFM may thus provide a direct link
from the atomic details to the range of conformations, asso-
ciated with a particular biological function, that are adopted
by a heterogeneous population of macromolecular complexes.
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